study question: Is the poor development of embryos generated from round spermatid injection (ROSI) in humans and animals associated with abnormal active DNA demethylation? summary answer: A significant proportion of ROSI-derived embryos failed to undergo active DNA demethylation. what is known already: Active DNA demethylation is initiated by the conversion of 5-methylcytosine (5mC) to 5-hydroxycytosine (5hmC) by the Tet3 enzyme. Active demethylation proceeds in a more pronounced manner in the male pronucleus than in the female one.
Introduction
With the advent of advanced micromanipulation techniques, we can now fertilize oocytes not only with mature spermatozoa but also with immature sperm cells such as spermatids and spermatocytes (for reviews, see Ogura et al., 2005; Yanagimachi, 2005) . Round spermatid injection (ROSI) became one of the options of assisted fertilization to overcome spermatogenic failure in animals and humans. However, the developmental efficiency of ROSI-derived embryos is generally lower than that of embryos generated by ICSI, as studied in several species, including humans (Tesarik and Mendoza, 1996) , monkeys (Ogonuki et al., 2003) , rabbits and mice (Ogura et al., 1994; Kimura and Yanagimachi, 1995b; Ogura et al., 1998) .
The cause of the poor developmental ability of embryos following ROSI could be genetic, epigenetic or both. According to Yamagata et al. (2009) , the chromosomes of ROSI-derived mouse embryos showed abnormal segregation more frequently than did those of ICSIderived embryos and this resulted in a massive loss of ROSI-derived embryos after implantation. Rabbit ROSI-derived embryos are also known to have a high frequency of aneuploidy at the blastocyst stage, which might critically compromise their post-implantation development. Indeed, the efficiencies of development to term following ROSI in rabbits were extremely low, ranging from 0 to 4% per embryo transferred Hirabayashi et al., 2009) . These rates were lower than those of ICSI (29%) or elongated spermatid injection (ELSI) (12%) . According to Tachibana et al. (2009) , the formation of the microtubule-organizing center (MTOC)-which emerges from the paternally derived centrioles and contributes to symmetrical segregation of the paternal and maternal chromosomes at the first mitosis-proceeded normally in ICSI-derived rabbit zygotes, but not in ROSI-derived rabbit zygotes. This abnormal MTOC formation associated with rabbit ROSI most likely caused abnormal segregation of the chromosomes at subsequent divisions, resulting in the formation of aneuploid embryos. These findings strongly suggest that the poor development of ROSI-derived embryos might be attributable at least in part to chromosomal aberrations during early development.
It is known that ROSI-derived embryos are also prone to epigenetic abnormalities, especially at the DNA methylation level. A live-imaging analysis for detecting the methyl-CpG-binding domain (MBD) protein in developing pronuclei revealed that ROSI-derived embryos specifically showed intense accumulation of MBD at the nucleolar rim of the male pronucleus and scattered dot-like localizations of MBD in the nucleoplasm (Yamazaki et al., 2007) . Furthermore, at the genome-wide level, an abnormal DNA demethylation pattern was observed in ROSI-derived embryos (Kishigami et al., 2006) . Mammalian zygotic genomes undergo global DNA demethylation by active and passive mechanisms Oswald et al., 2000) . As active demethylation proceeds in a more pronounced manner in the paternal than the maternal genome at the pronuclear stage, the fully developed male pronucleus has a lower level of 5mC than the female pronucleus. According to Kishigami et al. (2006) , rapid DNA demethylation in the paternal genome normally occurred in ROSI-derived embryos as well as in ICSI-derived embryos, but later the DNA methylation level increased again in ROSI-derived embryos. Although these findings indicate that ROSI might cause epigenetic abnormalities within the embryonic genome, the underlying molecular mechanisms are still unclear on how abnormal DNA methylation levels affect the subsequent embryonic development. In particular, there is no information on active DNA demethylation of ROSI-derived embryos via the mechanism that converts 5-methylcytosine (5mC) to 5-hydroxycytosine (5hmC), catalyzed by the ten-eleven translocation 3 (Tet3) enzyme (Gu et al., 2011) . Importantly, failure of the paternal genome to undergo active DNA demethylation due to the absence of maternal Tet3 resulted in frequent post-implantation embryonic death (Gu et al., 2011) . Here, we examined whether the 5mC to 5hmC conversion took place normally in zygotes derived from ROSI by immunofluorescence analysis using specific antibodies for 5mC, 5hmC and Tet3. Furthermore, we undertook embryo transfer experiments after identifying normal and abnormal embryos based on a live-imaging analysis for the MBD levels at the zygotic stage. This study for the first time demonstrated that mouse ROSI-derived embryos can be classified into two groups, 'demethylated' and 'non-demethylated', based on the degree of active DNA demethylation, which might affect the developmental efficiencies of ROSI-derived embryos.
Materials and Methods

Animals
Six-to 10-week-old (C57BL/6 × DBA/2) F1 (BDF1) and 8 -12-week-old ICR female mice were used for the collection of recipient oocytes and as embryo transfer recipients, respectively. Adult male BDF1 and ICR mice (more than 10-week-old) and adult male R26-H2B-EGFP mice (Abe and Fujimori, 2013) were used to obtain epididymal spermatozoa and spermatogenic cells (round spermatids). The animals were provided with water and commercial laboratory mouse chow ad libitum and housed under controlled lighting conditions (daily light from 07:00-21:00). They were maintained under specific pathogen-free conditions. All animal experiments described here were approved by the Animal Experimentation Committee at the RIKEN Tsukuba Institute and were performed in accordance with the committee's guiding principles.
Preparation of oocytes and male germ cells
Female B6D2F1 mice (8-10-week-old) were injected with 7.5 units of equine chorionic gonadotrophin, followed by 7.5 units of human chorionic gonadotrophin (hCG) 48 h later. Metaphase II oocytes were collected from the oviducts 15-17 h after hCG injection and were freed from cumulus cells by treatment with 0.1% (w/v) hyaluronidase in Chatot, Ziomek and Bavister (CZB) medium (Chatot et al., 1989) . The oocytes were transferred to fresh CZB medium and incubated at 378C in an atmosphere of 5% CO 2 in air for up to 90 min before activation (see below). Spermatogenic cells were obtained from whole testes and isolated mechanically using the method originally developed for hamsters (Ogura and Yanagimachi, 1993) . Briefly, testes were placed in erythrocyte-lysing buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , 2 mM EDTA, pH 7.2), and the tunica albuginea was removed. Seminiferous tubule masses were transferred into cold (48C) Dulbecco's phosphate-buffered saline (PBS) supplemented with 5.6 mM glucose, 5.4 mM sodium lactate and 0.1 mg/ml of polyvinyl alcohol (P-8136 Sigma-Aldrich, St Louis, MO, USA) (GL-PBS), then cut into small pieces and pipetted gently to disperse the spermatogenic cells. Then, the cell suspension was filtered through a 38-mm nylon mesh and washed three times by centrifugation (200g for 4 min). After centrifugation, the pellet was resuspended in GL-PBS and stored at 48C. To obtain epididymal spermatozoa, the contents of the cauda epididymides were dispersed in PBS. For ICSI, spermatozoa were collected from the epididymides (see below) of mature male mice. They were heated at 568C for 30 min to deactivate sperm-borne oocyte-activating factor to block its possible effects on pronuclear formation and embryonic development.
In vitro fertilization
Human tubal fluid medium (Quinn et al., 1985) containing 0.3% (w/v) bovine serum albumin (BSA, Calbiochem, Merck Millipore, Darmstadt, Germany) was used as the medium for sperm pre-incubation and fertilization. Spermatozoa from the cauda epididymides of male mice were suspended in 400 ml of sperm pre-incubation medium and incubated at 378C under 5% CO 2 in air for 45 min. For insemination, the preincubated spermatozoa were added to 80 ml drops of fertilization medium containing cumulus-enclosed oocytes at a final concentration of 200 -500 spermatozoa/ml.
Round spermatid injection and DNA demethylation ICSI and ROSI ICSI and ROSI were performed using a piezo-driven micromanipulator (Prime Tech Ltd, Ibaraki, Japan) as described (Kimura and Yanagimachi, 1995a; Ogonuki et al., 2010) . The cover of a plastic dish (Falcon No. 1006; Becton, Dickinson and Co., Franklin Lakes, NJ, USA) was used as a microinjection chamber. Several small drops ( 5 ml) of Hepes-buffered CZB with or without 10% (w/v) polyvinylpyrrolidone (PVP, Sigma-Aldrich) were placed on the bottom and covered with mineral oil. Spermatozoa or spermatogenic cells were placed in one of the PVP droplets. Mouse round spermatids have no oocyte-activating capacity (Kimura and Yanagimachi, 1995b) and spermatozoa used in this study had been heat-inactivated (see above). For ROSI and ICSI, therefore, oocytes were preactivated by CZB medium containing 3 -7.5 mM SrCl 2 without Ca 2+ for 20 min at 378C and cultured for another 20 min until they reached telophase II. For ROSI, the round spermatid nucleus, separated from the cytoplasm by repeated pipetting, was microinjected into a preactivated oocyte. For ICSI, the sperm head was separated from the tail by applying a few piezo pulses and microinjected into a preactivated oocyte. Normal ICSI was also conducted using intact spermatozoa as described (Kimura and Yanagimachi, 1995a) . The injected oocytes were kept in Hepes -CZB at room temperature (258C) for 10 min and then cultured in CZB medium at 378C in an atmosphere of 5% CO 2 in air.
Embryo transfer
After 24 h in culture, the ROSI-derived embryos that had developed to the 2-cell stage were transferred into the uterus of pseudo-pregnant ICR female mice 0.5 days postcoitum (dpc) after being mated with a vasectomized ICR male mouse. All recipient female mice were euthanized at 11.5 dpc (Day 11.5) and examined for the presence of fetuses. All fetuses retrieved were analyzed for their size and morphology. We examined fetuses at Day 11.5 because this is the stage when they have turned over to the normal posture and their size can be measured easily on photographs. In additional ROSI experiments, recipient females were examined at term (Day 19.5) and the weights of fetuses and placentas were recorded.
Immunostaining
Immunostaining was performed at room temperature unless otherwise indicated. Embryos derived from IVF, ICSI or ROSI were fixed with 4% (w/v) paraformaldehyde (Nacalai Tesque, Kyoto, Japan) for 15 min and washed with PBS containing 0.01% (w/v) polyvinyl alcohol. The zona pellucida was removed using acidic Tyrode's solution (pH 2.5; T1788, Sigma-Aldrich). For subcellular localizations of 5mC and 5hmC, fixed embryos were permeabilized with 0.02% (v/v) Triton X-100 (T8787, Sigma-Aldrich) and 3% BSA in PBS for 1 h. They were treated with 4N HCl for 30 min followed by 0.1 M EDTA for 30 min. They were then incubated with a primary anti-5mC antibody (NA81, 1:1000; Calbiochem, San Diego, CA, USA) or a primary anti-5hmC antibody (39769, 1:1000; Active Motif, Carlsbad, CA, USA) in PBS containing 3% BSA at 48C overnight. After washing, the embryos were incubated with an Alexa Fluor 488-labeled donkey anti-mouse IgG secondary antibody (A21202, 1:1000; Invitrogen, Carlsbad, CA, USA) for 5mC or an Alexa Fluor 555-labeled goat anti-rabbit IgG secondary antibody (A21428, 1:1000; Invitrogen) for 5hmC for 1 h. For subcellular localizations of Tet3, fixed embryos were permeabilized with 0.02% TritonX-100 and 3% BSA in PBS for 1 h. After incubation with a rabbit anti-Tet3 antibody (Gu et al., 2011) in PBS containing 3% BSA at 48C overnight. After washing, the embryos were incubated with Alexa Fluor 555-labeled donkey anti-rabbit IgG antibody (A21428, 1:1000; Invitrogen) for 1 h. After washing, the nuclei were counterstained with 4 ′ ,6-diamidino-2-phenylindole in Vectashield (H-1200; Vector Laboratories, Burlingame, CA, USA), then observed using a confocal scanning laser microscope (CV1000; Yokogawa Electric, Kanazawa, Japan).
Time-lapse live imaging
For monitoring methylation levels in pronuclei, we used mRNA encoding red fluorescent protein fused with an MBD reporter probe [mCherry-MBD-NLS (nuclear localization signal), provided by Dr K. Yamagata]. The mRNA construct was essentially similar to that reported previously (Yamagata et al., 2005) , except that the original enhanced green fluorescent protein (EGFP) sequence was replaced with the mCherry sequence. This modification is thought to decrease the toxicity of fluorescent protein-binding MBD, as shown by the generation of a mCherry-MBD transgenic mouse line (Ueda et al., 2014) . Injection of mCherry-MBD-NLS mRNA was performed as described (Yamagata et al., 2005) . Briefly, mCherry-MBD-NLS mRNA was diluted to 5-ng/ml in water. Metaphase II oocytes were injected with the mRNA using a piezo-driven micromanipulator. Four hours after mRNA injection, ICSI or ROSI was performed. Injected oocytes were cultured in CZB medium in a glass-bottomed dish (P35G-0-14-C; MatTek Corp., Ashland, MA, USA). Time-lapse live imaging was acquired using a confocal scanning laser microscope (CV1000). Embryos were cultured at 378C, under 5% CO 2 in air on a stage with high humidity, during imaging. The laser powers at the specimen at 488 and 561 nm wavelengths were adjusted to 0.1 mW. The thickness of the imaging range through the z-axis was 80 mm (27 sections at 3 mm intervals). Time-lapse live imaging was taken every 30 min until the 2-cell stage.
Quantitative fluorescence image analysis
Quantitative fluorescence image analysis was done using ImageJ software (http://rsb.info.nih.gov/ij/). The intensity of fluorescence was calculated from images of stacked or sectioned images after the signal areas were detected automatically in regions of interest. In most cases, the male and female pronuclei can be identified by their positions; the female pronucleus is in the vicinity to the second polar body.
Statistical analysis
Statistical analyses were performed as described below in detail in the figure legends. All statistical analyses were undertaken using GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA, USA); P-values of ,0.05 were considered significantly different between or among groups.
Results
The relative abundance of 5mC and 5hmC in the male pronucleus Under our experimental conditions, more than 90% of the Sr 2+ -treated oocytes were activated and 80-90% and 50 -70% of them formed two pronuclei after ICSI and ROSI, respectively. However, these rates often decreased when the oocytes were injected with mRNA prior to ICSI/ROSI. Zygotic development can be roughly classified into the pronuclear stages PN1-PN5; PN1 and PN2 embryos are in G1 phase, PN3 and PN4 embryos are largely in S phase and PN5 embryos are mostly in the post-replicative G2 phase (Adenot et al., 1997) . It was reported that active DNA demethylation starts predominantly in the male pronucleus at the PN2-to-PN3 stage transition and that this demethylation activity continues to the PN4 or PN5 stage (Santos et al., 2002) . Under our experimental conditions, the injected oocytes reached the PN3 and PN4 stages at 6 and 10 h after oocyte activation, respectively, judging from the size and position of the pronuclei. The zygotes were immunostained with antibodies specific for 5mC and 5hmC at stages PN1, 2, 3 and 4 and the fluorescent intensity of the male pronucleus relative to that of the female pronucleus (M/F ratio) was calculated. A high ratio (.1.0) indicates that the fluorescence is stronger in the male pronucleus than the female pronucleus. The male pronucleus in most ICSI-derived zygotes at the PN3 and PN4 stages showed low (,1.0) and high (.1.0) M/F ratios for 5mC and 5hmC levels, respectively (Fig. 1A and Supplementary data, Fig. S1 ). Zygotes produced by normal ICSI using intact spermatozoa showed a similar pattern (Supplementary data, Fig. S2 ). This is consistent with the idea that the genome-wide conversion of 5mC to 5hmC takes place more extensively in the male than in the female pronucleus (Gu et al., 2011; Guo et al., 2014; Shen et al., 2014) . However, in the ROSI-derived embryos, although some of the zygotes showed a normal DNA demethylation pattern as seen in the ICSI-derived zygotes, the remaining zygotes showed higher 5mC and lower 5hmC levels than the ICSI-derived zygotes at the PN3 stage (Fig. 1A) and the PN4 stage (Supplementary data, Fig. S1 ). A statistical analysis (Student's t-test) revealed that the M/F ratios of 5mC were significantly higher in ROSI-derived zygotes than ICSI-derived zygotes at both the PN3 and PN4 stages (Fig. 1B) . However, those of 5hmC were not significantly different at that time, perhaps because 5hmC is a transitional state that is destined to be converted further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Inoue et al., 2011; Guo et al., 2014; Xu and Walsh, 2014) . Graphs which plot the M/F fluorescence ratio of 5mC and 5hmC side by side show that levels vary between individual ICSI-derived zygotes, but within each embryo the 5hmC fluorescence intensity is consistently higher than for 5mC (Fig. 1C) . In contrast, ROSI-derived zygotes could be divided into roughly two groups. Some ROSI-derived PN3 stage-zygotes (64%, 27/42) showed normal patterns of 5mC and 5hmC levels; i.e. low (,1.0) and high (.1.0) M/F ratios, respectively, as seen in ICSI-derived zygotes (Fig. 1C) . However, the remaining zygotes (36%, 15/42) showed similar levels of 5mC and 5hmC, as indicated by the minimal changes in levels (Fig. 1C) . Intriguingly, their M/F ratios greatly varied, ranging from 0.3 to 2.5 in these 'minimal change' ROSI zygotes. This ROSI-specific pattern was also observed in 22% (10/45) of zygotes at the PN4 stage (10 h after activation) (Fig. 1C ) and was frequently observed at earlier PN1 and PN2 stages (100%, 8/8, and 61%, 14/23, respectively) (Fig. 1C) . This indicated that at least some of the ROSI-derived zygotes failed to undergo active DNA demethylation throughout this stage. We also obtained the same results, in terms of the abnormal 5mC and 5hmC levels, using male germ cells from a different strain (ICR; Supplementary data, Fig. S3 ).
Localization and expression of Tet3 protein in the pronuclei
As the conversion of 5mC to 5hmC is catalyzed by the dioxygenase Tet3, we examined its distribution pattern in the male and female pronuclei using a specific antibody (gift from Dr Guoliang Xu). Control IVF-and ICSI-derived zygotes consistently showed preferential Tet3 distribution to the male pronucleus, as indicated by M/F fluorescence ratios .1.0 (Fig. 2) . ROSI-derived zygotes often showed weak or faint Tet3 signals in the male pronucleus ( Fig. 2A) and, indeed, their relative M/F ratios were significantly lower than those of the IVF-and ICSI-derived controls (Fig. 2B ). This finding suggests that the most likely cause of insufficient active DNA demethylation in ROSI-derived zygotes was the decreased Tet3 level in the male pronucleus.
Time-lapse observation of DNA methylation levels by mCherry-MBD-NLS and transfer of embryos with different DNA methylation levels
To evaluate whether the degree of DNA demethylation in the male pronucleus could have some relationship with embryonic development in vivo, it was necessary to distinguish 2-cell embryos for transfer according to their DNA methylation levels at the 1-cell stage. For this purpose, we injected mCherry-MBD-NLS mRNA into unfertilized oocytes and used them for ICSI or ROSI. First, we tested whether the MBD levels at the PN3-PN4 stages could be investigated by time-lapse live imaging. As expected, the M/F fluorescence ratios of MBD were significantly higher in ROSI-derived zygotes than ICSI-derived zygotes, implying that these levels could be used for distinguishing ROSI-derived zygotes with normal/abnormal DNA demethylation (Fig. 3A) . Based on the results from a previous study using EGFP-MBD-NLS mRNA (Yamazaki et al., 2007) , we putatively classified the ROSI-derived zygotes into 'demethylated' or 'non-demethylated' by setting the M/F fluorescence ratio as 1.2 as the threshold. Then, we examined the in vivo developmental ability of the ROSI-derived 2-cell embryos that had been subjected to MBD analysis. The implantation rate and the rate of development to live fetuses were not significantly different between the two ROSI groups (Table I) . However, the ratio of normal to undersized fetuses, based on the crown-rump length (CRL), was significantly higher in the 'demethylated' group (high M/F ratio) than in the 'non-demethylated' group (low M/F ratio). The literature indicates that the normal CRL of mouse fetuses at Day 11.5 is 6.0 mm (Kaufman, 1992) . Indeed, the CRL of the six ICSI-derived fetuses at Day 11.5 we collected was 5.95 -7.25 mm, except for one apparently retarded fetus. In the ROSI group, the number of fetuses within this range (normal sized) was 9/13 and 2/9 for the 'demethylated' and 'non-demethylated' groups, respectively (P , 0.05 by Fisher's exact probability test; Table I , Fig. 3B and C). In an additional ROSI experiment, we examined the development of fetuses at term (Day 19.5). Here again, the abnormal MBD (high M/F ratio) group included relatively smaller fetuses (0.73, 0.91 and 1.14 g), although the fetal and placental weights did not differ significantly between the two groups (Supplementary data, Fig. S4 ). Thus, as far as we examined, 'non-demethylated' ROSI zygotes tended to undergo retarded development after implantation. The time-lapse data also allowed us to examine the presence of abnormal chromosome segregation patterns retrospectively, which are known to cause the death of ROSIderived embryos (Yamagata et al., 2009) . As shown in Supplementary data, Fig. S5 , abnormal chromosome segregation patterns occurred irrespective of the level of MBD, indicating that they did not account for the different fetal development success rates between the two ROSI groups.
Removal of histones from round spermatid nuclei observed by time-lapse live imaging
Unlike the mature sperm nucleus, which contains a large amount of protamine, the round spermatid nucleus still has histones as its nucleosome proteins, as in somatic cell nuclei. Therefore, after ROSI, histones of the round spermatid nucleus should be replaced with oocyte-derived histones so that the round spermatid genome can be reprogrammed effectively. To evaluate the time course of this replacement, we injected round spermatid nuclei from H2B-EGFP transgenic mice and recorded the time zygotes stained for 5mC and 5hmC. The ROSI-derived zygote showed higher 5mC and lower 5hmC male/female (M/F) ratios compared with those of the ICSI-derived control zygotes. F, female pronucleus; M, male pronucleus; PB, second polar body. Scale bar, 25 mm. (B) Fluorescence intensity ratios in the male and female pronuclei (M/F ratios) for 5mC (left) and 5hmC (right) in ICSI-or ROSI-derived zygotes at the PN3 or PN4 stage. Each dot represents a single zygote. The M/F ratio for 5mC, but not the M/F ratio for 5hmC, was significantly different between ICSI-and ROSI-derived zygotes (P , 0.05; Student's t-test). ns, not significantly different. (C) One-to-one correspondence of 5mC and 5hmC M/F ratios within the same zygotes. Each line represents a single zygote. Some of the ROSI-derived zygotes showed a 5mC , 5hmC pattern, as in ICSI-derived control zygotes (,1.0 and .1.0 M/F ratios for 5mC and 5hmC levels, respectively). However, the remaining ROSI-derived zygotes showed other patterns, typically that of an approximate 5mC ¼ 5hmC pattern. The percentages on the top of graphs indicate those with abnormal 5mC and 5hmC relationships. The numbers of zygotes analyzed are as follows. ICSI: PN1 (12), PN2 (6), PN3 (22) when the EGFP signal disappeared. The oocytes had been injected with mCherry-MBD-NLS mRNA prior to ROSI to determine the relationship between the DNA methylation levels and the timing of histone replacement. Representative patterns of EGFP disappearance are shown in Fig. 4A and the Supplementary data, Movies S1 and S2. In some oocytes, round spermatid-derived EGFP signals disappeared as early as 3 h (early PN2 stage), while in some others the signal remained up to 5.5 h (late PN3 stage). There was a high correlation between the timing of EGFP disappearance and the M/F fluorescence ratio of MBD (the DNA methylation level; r ¼ 0.700; P ¼ 0.0027; Fig. 4B ).
Discussion
In this study, for the first time we identified abnormal distributions of 5mC and 5hmC in the pronuclei of ROSI-derived mouse embryos. These distribution patterns in the male and female pronuclei throughout the zygotic period strongly suggest that a significant proportion of ROSIderived zygotes failed to undergo asymmetric active DNA demethylation. Consistent with this, unlike ICSI-derived control embryos, some ROSI-derived embryos did not show a preferential localization of Tet3 to the male pronucleus. The time-lapse analysis demonstrated that there was a correlation between the time required for histone replacement and the MBD levels within the male pronucleus. Taken together, it is plausible to suppose that delayed or insufficient histone replacement in the round spermatid nucleus in some of the ROSI-derived zygotes led to incomplete chromatin reorganization in the developing male pronucleus, causing impairments of Tet3 localization and active DNA demethylation of the paternal genome. According to Gu et al. (2011) , Tet3 deletion from oocytes had no effect on the preimplantation development of embryos, but significantly reduced the rate of production of live fetuses, indicating that active DNA demethylation is necessary for normal post-implantation development. Therefore, the frequent retardation of ROSI-derived fetuses in the 'non-demethylated' group found in this study could be the consequence of impaired active DNA demethylation of the paternal genome. However, as far as we observed, repression of active DNA demethylation by deletion of the maternal gonad-specific expression (GSE) protein (Hatanaka et al., 2013) had no effect on the fertility of females by natural mating (Hatanaka et al., unpublished data) . It is possible that active DNA demethylation is dispensable for fertilization in conventionally used laboratory mouse strains, but might serve as a backup system for facilitating the reprogramming of the paternal genome when it is less reprogrammable. It would be interesting to examine whether the efficiency of ROSI would be further compromised if active DNA demethylation was repressed by maternal Tet3/GSE deletion.
Based on the outcomes in mammalian species so far studied, it is broadly accepted that ROSI is very inefficient in producing normal offspring . However, round spermatids have a haploid genome that has completed paternal imprinting, as evidenced by the DNA methylation status of the paternally imprinted (differentially methylated) regions that is established before meiosis (Sasaki and Figure 3 Time-lapse live-imaging analysis for the MBD protein male:female pronuclei (M/F) ratios (A) and the development of fetuses following transfer of embryos that had been separated based on the intensity of mCherry-MBD at the PN3-4 stage (B and C). (A) ROSI-derived zygotes showed significantly higher MBD M/F ratios than ICSI-derived zygotes (unpaired Student's t-test). (B) Representative images of Day 11.5 fetuses from ROSI-derived zygotes with normal (left) and abnormal (right) MBD M/F ratios. The latter fetuses showed retarded development. Scale bar, 2 mm. (C) The CRL of fetuses derived from ROSI or ICSI. The proportion of normal-sized fetuses (white circles) was higher in ROSI-derived fetuses from zygotes with normal MBD M/F ratios than those from zygotes with abnormal MBD M/F ratios (P , 0.05, Fisher's exact probability test; see text). Matsui, 2008; Kamimura et al., 2014) . This indicates that the round spermatid genome itself fulfills the genetic and epigenetic requirements for supporting embryonic development to term. We have recently undertaken a large-scale series of assisted fertilization experiments in mice, using different types of male germ cells (round spermatids, elongated spermatids and epididymal spermatozoa) and different types of mouse strains (Ogonuki et al., 2010) . The overall results indicated that there was a big gap between ROSI and ICSI/ELSI in terms of postimplantation embryonic development. These findings suggest that male germ cells might acquire a definite capacity for supporting embryonic development at some time between the round spermatid and elongated spermatid stages. This assumption is consistent with the The rates of 2-cell embryos, implanted embryos and development to fetuses are not significantly different between groups (P . 0.05, Fisher's exact probability test). *Implantation sites were identified by the presence of fetuses or 'implantation scars' in the uteri of recipient females. **P , 0.05 between 'Normal' and 'Abnormal' ROSI groups (Fisher's exact probability test).
Figure 4
Time-lapse live-imaging analysis of the disappearance of H2B-EGFP from the round spermatid-derived male pronucleus. The male pronucleus of some zygotes showed a relatively rapid disappearance of H2B-EGFP (,3 h) (A), but others showed a delayed disappearance ( 5.5 h) (B). See Supplementary data, Movie. Scale bar, 10 mm. (C) There was a significant correlation between the time of H2B-EGFP disappearance and the MBD protein male:female pronuclei (M/F) ratio in ROSI-derived zygotes (Pearson's correlation test).
Round spermatid injection and DNA demethylation findings by Ohta et al. (2009) , who reported that the transition from late round spermatids (spermatogenesis steps 7-8) to elongating spermatids (steps 9 -10) is the key point for the acquisition of fertility potential similar to that of mature spermatozoa. The known nuclear events that occur during these steps are the global acetylation of core histones (steps 8-12) (Hazzouri et al., 2000; Shirakata et al., 2014) followed by replacement of acetylated histones with transition proteins (steps 12-13) (Alfonso and Kistler, 1993 ). This increased histone acetylation level is thought to facilitate the accessibility of chromatin-modifying factors, and vice versa. Here, we found that at least some of the round spermatid nuclei underwent delayed replacement of their core histone (H2B) with a maternal histone, in contrast to the rapid replacement of protamines with oocyte histones in the nuclei of fertilizing spermatozoa that is completed by the end of anaphase II (McLay and Clarke, 2003) . Importantly, the time needed for histone replacement had a significant correlation with the DNA methylation level in the male pronucleus as assessed by mCherry-MBD-NLS. It is known that incorporation of the maternal histone, especially the H3.3 variant, to the male pronucleus is necessary for reprogramming of the paternal genome after fertilization (Lin et al., 2014) . Therefore, it may be possible that delayed replacement of the round spermatid histones with maternal histones causes delayed reprogramming of the round spermatid genome and its active DNA demethylation. Thus, it is probable that the low acetylation level of the round spermatid nuclei might hamper efficient histone replacement within the ooplasm, leading to impaired active DNA demethylation in the male pronucleus. It is known that a high incidence of chromosomal aberrations can impair the developmental ability of ROSI-derived embryos Yamagata et al., 2009) . Our time-lapse live-imaging analysis revealed that ROSI-derived embryos consistently (23-30%) showed abnormal chromosomal segregation, irrespective of the status of DNA demethylation of the paternal genome (Supplementary data, Fig. S5 ). Thus, it is very probable that both genetic and epigenetic abnormalities synergistically compromised the development of ROSI-derived embryos, causing the considerably poor conception rate. There have been reports about the birth of human babies following ROSI from patients with spermatogenic failure (Tesarik et al., 1995; Sousa et al., 2002) , but the birth rates are generally low. For more successful ROSI in humans, the development of methods for treating genetic as well as epigenetic abnormalities in ROSI-derived embryos is clearly necessary.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
